a Zirconia-based ceramics cover a huge variety of applications, including refractories, electro-and bioceramics, fuel cells, catalysts, and many more. For various photonic applications considered for energy systems and heat management, zirconia microspheres are interesting building blocks due to their high refractive index, as well as their chemical and mechanical robustness. However, instabilities caused by thermally-induced phase transitions and grain growth at temperatures above B1000 1C preclude high-temperature applications of pure zirconia particles. Here, we present a synthetic route for yttriastabilized zirconia microparticles with significantly improved thermal stability. With these particles we conducted the first study on their thermal stability as a function of the yttrium content and at temperatures up to 1500 1C. Using X-ray diffraction and scanning electron microscopy, the optimum Y content was determined to be 8-10%, which was marked by stabilization of the tetragonal or cubic phase and significantly attenuated grain growth. Furthermore, with diameters ranging from 2 to 5 mm, the particles covered a size range perfectly suited for photonic applications in the IR spectral range.
Introduction
Zirconia powders are currently being used as precursors for performance ceramics with a broad variety of applications including refractories, 1 electro-and bioceramics, 2,3 fuel cells 4 and catalysts. 5 In addition, well-defined zirconia microparticles with their high refractive index, high thermal stability and narrow size distributions are promising candidates for the building blocks of novel photonic materials suited for high temperature applications, such as advanced reflective thermal barrier coatings (TBC) [6] [7] [8] and as absorbers/emitters in thermophotovoltaics (TPV). 9 The width and spectral position of the reflection band of these materials can be adapted quite easily to application specific requirements by varying the particle arrangement and size, respectively. [10] [11] [12] We have recently reported a first demonstration of photonic glasses assembled from undoped zirconia microspheres, which acted as efficient broadband reflectors in the infrared spectrum. 7 A sol-gel approach for the fabrication of zirconia powders with improved sintering behavior compared to conventional powders, 13, 14 and, shortly after, of submicron spherical zirconia and yttria-stabilized zirconia (YSZ) particles was developed in previous studies. 15, 16 The synthesis of zirconia microparticles was expanded on by Lerot et al., 17 Yan et al. 18, 19 and Widoniak et al. 2, 3 In our last study, we improved the synthesis of zirconia submicron and microparticles with respect to size uniformity and examined their high temperature stability. We observed that these non-stabilized particles disintegrate after heating to 850-1200 1C and that the particle stability is influenced by the interplay between excessive grain growth, a tetragonal-tomonoclinic phase transformation and microstrain appearing as a result of these processes. 20 Bulk zirconia has three temperature dependent polymorphs. The thermodynamically stable room temperature phase is monoclinic (P2 1 /c) and transforms firstly to the tetragonal phase (P4 2 /nmc) at 1170 1C and to the cubic phase (Fm% 3m) at 2370 1C, before it melts at 2715 1C. 21 Upon cooling tetragonal zirconia, it transforms back to the monoclinic phase via a martensitic mechanism, which is diffusionless and displacive in nature. The transformation is accompanied by a 4% volume expansion. The addition of aliovalent cations is known to favor the more symmetric tetragonal and cubic phases and thus suppress the destructive tetragonal-to-monoclinic phase transformation. 22 Yttria has proven to be a very suitable dopant, as it displays a wide solid solubility range in zirconia and has a similar chemical and thermal stability. A content of 0.02 o x o 0.09 and 0.04 o x o 0.4 in (Y 2 O 3 ) x (ZrO 2 ) 1Àx retains the high temperature tetragonal and cubic phases at ambient conditions, respectively. 23 This translates to a Y/(Y + Zr) molar ratio of 4-17% and 8-57%. In addition to the phase transformation, excessive grain growth and coalescence also led to the destruction of undoped zirconia microparticles at elevated temperatures. 20 This challenge can likewise be addressed by yttria doping, which has been shown to decrease grain growth due to a solute drag effect. 24 As a result of the stable crystalline structure and small grain sizes, YSZ is used in high temperature applications such as thermal barrier coatings. 6, 8 YSZ nanoparticles with sizes ranging from 5 to 200 nm and Y/(Y + Zr) molar ratios between 2 to 17% have been reported. [25] [26] [27] However, the characterization at high temperatures is typically limited to simple thermogravimetric analysis, monitoring the weight loss and crystallization temperatures of the particles. Only few studies on yttria-stabilized microparticles in a size range of 1-5 mm exist to date: Uchiyama et al. 28 and Keshmiri et al. 29 synthesized r1 mm particles with Y/(Y + Zr) ratios of B7% and B16%, respectively. Hua et al.
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employed a solvothermal method, leading to larger (1-3 mm) aggregates with a wide size distribution and a Y/(Y + Zr) ratio of 6%. However, these were isolated studies focusing on one attribute, a fixed composition or phase at temperatures up to 1000 1C. Furthermore, there has been no characterization of the morphological evolution of the particles with heating. Recently, we introduced a simple and versatile approach for the synthesis of micrometer-sized YSZ particles. 20 Here, we present the synthesis of Y-doped zirconia microparticles with a well-controlled composition over a broad Y/(Y + Zr) target range (4-18%). Their thermal stability was assessed by studying phase transitions and grain growth using ex situ XRD measurements after heating the samples at temperatures of up to 1500 1C. Furthermore, we assembled photonic glasses from these particles and demonstrate their improved durability with respect to potential applications as reflective thermal barrier coatings.
Experimental section

Materials
n-Butanol (99.5%) with a maximum water content of 0.1% was from Th.Geyer, n-propanol (99.7%) from Sigma-Aldrich, ethanol (99.5%) from Grüssing, eicosanoic acid (99%) from Sigma-Aldrich, zirconium n-propoxide (70 wt% in n-propanol) from Alfa Aesar, ABCR or Aldrich (stored in a glove box), yttrium iso-propoxide (90%) from ABCR (stored in a glovebox), zeolith molecular sieve (0.4 nm) from Merck, 0.20 mm and 0.10 mm Minisart-Plus syringe filters from Sartorius Stedim Biotech, demineralized water (ACS reagent grade) from Aldrich.
Particle synthesis and deposition of photonic glasses
Yttria-stabilized zirconia particles with diameters of B2 mm (before heat treatment) were synthesized according to a sol-gel approach published previously by our group, 20 which was based on the works of Yan et al. 18, 19 n-Butanol with 0.1% water content at most was dried over 0.4 nm molecular sieves and freed from dust using a syringe filter (pore size 0.20 mm).
The reaction was carried out in a 250 mL wide-mouth glass bottle. Yttrium was introduced to the reaction in the form of yttrium iso-propoxide, which was suspended in 10 mL dry n-propanol, mixed with 12.2 g (26.1 mmol) zirconium n-propoxide (70% in n-propanol) and homogenized by ultrasonication. The mixture containing the yttria and zirconia precursors was filtered through a syringe filter (pore size 0.10 mm) and added under vigorous stirring to a solution of 1.06 g (3.39 mmol) eicosanoic acid in 100 mL dried n-butanol at 50 1C. After 30 min, a freshly prepared solution of 1.7 mL (94.3 mmol) water in 87 mL n-butanol was added over the course of 60 s. As reported previously, the water content was increased (from 1.4 to 1.7 mL) in comparison to the synthetic approach for undoped zirconia particles. 20 After an induction time of several minutes, the slightly yellow solution turned white. The glass bottle was transferred onto an analogue tube roller (SRT6 Stuart, roller size length Â diameter: 340 mm Â 30 mm) for an ageing time of 90 min at a rotation speed of 12 rpm. With tube diameters of 30 mm and a bottle diameter of 70 mm, this corresponded to approximately five bottle revolutions per minute. Finally, the particle suspension was poured into 200 mL of n-butanol at 0 1C, and the particles were separated by centrifugation (250-500 g) at 0 1C. In order to obtain particles with varying Y contents, the amount of added yttrium iso-propoxide was varied while keeping the amount of zirconium n-propoxide fixed, so that the Y/(Y + Zr) molar ratio was 4, 6, 8, 10, 12, 14, 16 , and 18%. The respective samples are labelled Y4 to Y18. It was observed that with an increasing amount of yttrium iso-propoxide added, the particles became more and more agglomerated. To counteract this, the amount of water was decreased from sample Y10 onward. This is expanded on in the discussion. account of the amounts of water and yttrium iso-propoxide added can be found in the ESI, † in Table S1 .
Particles with diameters of 4-5 mm (before heat treatment) for the fabrication of photonic glasses were synthesized by a modified approach: increasing the amount of eicosanoic acid to 1.31 g (4.19 mmol), decreasing the tube roller speed to 5-9 rpm, and increasing the ageing temperature for sample YPG10 to B70 1C by placing an infrared lamp (175 W) 25 cm over the reaction vessel. Furthermore, the stir time was extended beyond the induction time. This extended stirring in combination with the adjusted synthetic parameters led to larger particles. A complete list of all synthetic parameters is shown in Table S2 in the ESI. † Three particle samples with Y/(Y + Zr) ratios of 0%, 6% and 10% were prepared. They are referred to as samples YPG0, YPG6 and YPG10, respectively.
Photonic glasses were deposited via a drop casting process, as described previously. 7 Briefly, the as-synthesized particles were pre-calcined at 450 1C for 3 h (heating and cooling rate of 5 1C min
À1
) in order to avoid crack formation due to particle shrinkage. It was previously shown that by 450 1C the main mass loss events had occurred and that the particle diameters remained stable after heating to higher temperatures. 20 Suspensions of the pre-calcined microparticles in ethylene glycol (300 mg mL
) were prepared via ultrasonication (Badelin, Sonorex Super RK 106) and drop-cast within a silicone ring fixed to single crystal sapphire substrates. The solvent was evaporated by heating the substrates on a hot plate at 150 1C. The resulting photonic glasses had areas of 4.5 cm 2 with their thickness being controlled by the amount of applied suspensions.
Heating experiments and particle characterization
The particle samples were subjected to heat treatments in a muffle oven (L9/SKM, Nabertherm) and in a tube furnace (STF 16/100, Carbolite). The crystal phases were characterized by X-ray diffraction (XRD, Philips X'Pert PRO MPD) and the particle morphology and stability were assessed by scanning electron microscopy (SEM, EVO MA 10 and a Leo 1550 Gemini, both Zeiss). The particle composition was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES, Spectro Model ARCOS spectrometer). Photonic glass films were heated in a tube furnace and their hemispherical diffuse reflectance was measured with a Fourier transform infrared (FTIR) spectrometer (Vertex 70, Bruker) equipped with a goldcoated integrating sphere accessory and an MCT detector. The heating rate profiles and details of these measurements are provided in the ESI † (Section S2).
Results
Particle synthesis
Yttria-stabilized zirconia microparticles were synthesized according to a wet chemical approach developed in our group 20 which was based on the works of Yan et al. 18, 19 In contrast to previously used approaches in which the zirconia precursor and the dopant precursor are separately added to the alcoholic solution, 28,29 the precursors were premixed and homogenized before addition. Filtering this mixture to remove possible hydrolizates was found to decrease the degree of agglomeration of the particles. With these modifications, spherical particles were achieved with Y/(Y + Zr) molar ratios from 4 to 18%, which translates to an amount of x in (Y 2 O 3 ) x (ZrO 2 ) 1Àx between 0.02 and 0.10. An overview of the size distribution of the as-synthesized initial particles and SEM micrographs of the as-synthesized and heated particles are shown in Fig. 1 for selected yttria-stabilized particle samples. The undoped particle sample (Y0) is shown for comparison. The particles' thermal stability was evaluated from the microstructural changes and the degree of particle disintegration after heating.
Y0 corresponds to sample B2.8 in our previous study 20 and was chosen as a comparison for the YSZ particles because of the similar particle sizes (2.8 mm for sample Y0 and B2 mm for samples Y4-Y18). The first, second and third row in Fig. 1 display the diameter, size distribution and SEM micrographs of the as-synthesized particle samples Y0, Y4, Y6, Y10 and Y16. SEM images of these samples after heating at 1200 and 1500 1C for 3 h are shown in the fourth and fifth row, respectively. SEM images and data of all YSZ samples Y4 to Y18 can be found in the ESI † ( Fig. S3 and S4 ). A brief synopsis of particle compositions, diameters and size standard deviations for samples Y0 to Y18 is displayed in Table 1 .
The YSZ particle diameters were in the range of B2 mm, independent of the Y content, except for sample Y18 which had a diameter of 2.6 mm. This is comparatively smaller than the 2.8-4.3 mm, previously obtained for pure zirconia particles. 20 In order to understand the reason behind this change in diameter, it is useful to consider the induction period of the different syntheses. The induction time marks the delay between the addition of water to the reaction mixture and a change of the solution from transparent to white. Hydrolysis and polymerization of the alkoxides results in the formation of 10-20 nm sized primary particles, 3, 17, 31 which then quickly agglomerate to larger particles and cause a visible clouding of the reaction mixture. The induction period is correlated with the hydrolysis rate of the reaction, with a short induction time suggesting a quick hydrolysis and vice versa. A quick hydrolysis has previously been linked to smaller particle sizes. 3, 17, 18 The induction times of the YSZ particles were comparatively short, ranging between 90 and 810 s, compared to the undoped sample Y0 with 1920 s. Most likely, the increased hydrolysis rate is a result of the higher reactivity of the yttria precursor relative to the zirconia precursor. The yttria precursor is favorably attacked by water molecules and growing polymeryzates due to steric effects, as yttrium iso-propoxide has only three organic ligands while zirconium n-propoxide has four. Additionally, the lower electronegativity of Y in comparison to Zr (1.22 and 1.33 in the Pauling scale) makes it more susceptible to nucleophilic attack. Also, the increased water content (as compared to the undoped particle synthesis) is expected to contribute to the accelerated hydrolysis and, thus, to the observed shortening of the induction time.
The as-synthesized YSZ particles were spherical with rather smooth surfaces and a low degree of agglomeration. Their size distribution was quite narrow, with standard deviations ranging between 6.0 and 17%, which is, however, higher than the 6-10% reported for the undoped particles. 20 Given the aforementioned quicker hydrolysis of the yttria precursor, it was found that an increasing Y content lead to an increase in agglomeration and hence irregular particles. In order to slow down the hydrolysis rate, the water concentrations were decreased with increasing Y content, from 0.47 mol L À1 to 0.38 mol L À1 for Y18. Synthetic details, such as the amounts of yttrium iso-propoxide and water added to the syntheses can be found in the ESI † ( Fig. S1 and Table S1 ). The elemental composition was analyzed via EDX and, in the case of samples Y6-Y14, with optical emission spectroscopy (ICP-OES). The results are shown in Table 1 and Fig. 2 . The uncertainty of the EDX was AE1 mol% and mainly due to the overlap of the Zr and Y L-emission peaks. For ICP-OES a double determination was carried out for each sample. The average uncertainty obtained from these determinations was found to be AE0.4 mol% and was most likely due to variations in the salt fusion dissolution of the particles. For samples Y4-Y14 the Y fractions obtained by ICP-OES or EDX were in reasonable agreement with the target values based on the amounts of precursors added. For the higher Y content particles, the EDX values were higher than expected compared to the added precursor amounts, with samples Y16 and Y18 being approximately 5 and 9 percentage points higher, respectively. This trend of increasing Y incorporation rates with Fig. 1 Undoped zirconia microparticle sample (0% Y) and yttria-stabilized zirconia particles with added yttrium amounts of 4, 6, 10, and 16% (from left to right). Diameter sizes with standard deviations (first row), size distributions (second row), SEM images of as-synthesized particles (third row), of particles heated at 1200 1C for 3 h (fourth row) and particles heated at 1500 1C for 3 h (fifth row). The undoped sample corresponds to B2.8 in prior work. 20 Scale bars apply to all images and insets within a given row. higher Y contents was attributed to the higher reactivity of the yttrium iso-propoxide relative to the zirconium n-propoxide, which is also supported by the aforementioned increase in hydrolysis rates and shorter induction times. The larger YSZ particles for the fabrication of photonic glasses were synthesized by a modified approach utilizing ''extended stirring''. This refers to a period of a few minutes in which the particles are still vigorously stirred after the induction time has passed. The use of extended stirring in order to increase the particle size has previously been reported by Yan et al. 18 They assumed that the external forces imposed
by stirring caused the still small particles to coagulate irreversibly and thus resulted in overall larger particles. However, they acknowledged that any use of extended stirring greatly perturbs the system and can lead to agglomerated and irregularly shaped particles. We were able to counteract these detrimental effects by adapting several other synthetic parameters. Firstly, it was found that increasing the amount of eicosanoic acid by 25% lowered the extent of agglomeration in the particles. Secondly, the rotation speed of the analogue tube roller was decreased, which led to narrower size distributions. Finally, in the case of the higher Y content sample (YPG10), increasing the ageing temperature from room temperature to B70 1C in conjunction with the other two adjustments was necessary to achieve large diameter particles. These adaptations allowed for the synthesis of the samples YPG0, YPG6 and YPG10 with respective diameters of 4.3, 4.1 and 5.1 mm and size standard deviations ranging between 12-16%. SEM micrographs and particle size distributions of samples YPG0, YPG6 and YPG10 are shown in the ESI † (Fig. S2 ).
Crystalline phases
The addition of Y in molar ratios Y/(Y + Zr) of 4-17% and 8-57% has been shown to stabilize the tetragonal and cubic phase in bulk zirconia. 23 After confirming via EDX and ICP-OES that Y was incorporated in the microparticles (Section 3.1), it was to be examined whether Y doping led to a stabilization of the tetragonal or cubic phase and thus prevented the destructive phase transformation in the microparticles. For this purpose, their crystalline phases as a function of Y content and temperature were determined by XRD. In order to assess their high temperature stability under operating and sintering conditions, X-ray diffractograms were measured after heating at 1200 and 1500 1C for 3 h for samples Y4 to Y18 and are shown in Fig. 3 . Additional measurements were performed for samples Y6 to Y14 after heating to 250, 450, 650 and 850 1C for 1 h at each temperature. X-ray diffractograms acquired for samples Y6 to Y14 after each heating experiment can be found in the ESI † (Fig. S8-S12) .
It was observed that the particle samples Y6-Y14 were still amorphous after heating to 250 1C and crystallized in the tetragonal or cubic phase after heating to 450 1C. Further heating to 650 and 850 1C led to a narrowing of the peaks with the phases remaining tetragonal or cubic. Peak broadening due to the small grain sizes made it impossible to distinguish between the tetragonal and cubic phase for these temperatures.
In Fig. 3 the presence of the characteristic ( À 111) and (111) peaks in the B301 region in sample Y4 after heating to 1200 and 1500 1C indicate a transition to the monoclinic phase, showing that an Y content of 3-4% is not sufficient to stabilize the tetragonal phase. Sample Y6 predominantly exhibited the tetragonal phase with a strong (100) peak and weak monoclinic ( À 111) and (111) peaks, after heating to 1200 1C. The fractions shifted in favor of the monoclinic structure after heating to 1500 1C. Sample Y8 was fully tetragonal after 1200 1C but likewise showed the appearance of monoclinic peaks after heating to 1500 1C.
Samples Y10-Y18 were determined to be cubic both after heating to 1200 and to 1500 1C. Virtually no monoclinic peaks were observed. The distinction between the tetragonal and the cubic phase is subtle, but can be made by examining the B50 and B601 region of the diffractograms. The reflexes (200) and (220) in the cubic system split into the two sets of (002) (110) and (112) (200) in the tetragonal system, as can be seen by comparing the diffractograms of samples Y8 and Y10 displayed in Fig. 3a. Fig. 3b shows the reflexes of these two samples, and of sample Y6, in the B501 region, where it can be seen that sample Y8, which displays a double peak, is tetragonal, while samples Y10, with a single peak, is cubic. With 8 and 10% Y corresponding to an x of 0.04 and 0.05, respectively, these results are in good agreement with the aforementioned 0.02 o x o 0.09 ratio of 6% is necessary to partially stabilize the tetragonal phase after heating to 1200 1C, while 10% Y or higher leads to a full stabilization of the cubic phase even after heating up to 1500 1C.
Grain size analysis
In our last study, we observed that an earlier crystallization and smaller initial grain sizes correlated with better high temperature stability of undoped zirconia particles. 20 In bulk zirconia, Y doping slows down grain growth. 24, 35 In order to determine whether Y doping has similar effects on the microparticles, grain sizes were determined via the Scherrer equation. The FWHM (full width at half maximum) values were acquired from X-ray diffractograms measured after heating to 450, 650 and 850 1C. Grain sizes determined by the Scherrer method were validated by comparison to SEM grain size measurements for the 850 1C samples. (ESI, † Fig. S7 ). The grain sizes of samples Y6-Y14, together with the grain sizes of the undoped zirconia sample (Y0), are shown in Fig. 4a and Table 2 .
As the samples were still amorphous after heating to 250 1C, grain sizes could not be determined for this temperature. After heating to 450 1C both the YSZ and the undoped particles had crystallized. Initial grain sizes after heating to 450 1C were considerably smaller for YSZ particles (4-7 nm) than for undoped particles (11 nm). Furthermore, a decrease in the grain sizes with increasing Y content was observed. Y6, with the lowest Y content, consisted of the largest grains with 7 nm, followed by Y8 and Y10, with grain sizes of 6 and 5 nm. Sample Y12 and sample Y14 both had the smallest grain sizes of 4 nm.
The initial grain size can be attributed to various factors. Firstly, the incorporation of Y could provide nuclei for crystallization. Keramidas et al. applied Raman spectroscopy to show that amorphous zirconia is not necessarily truly amorphous but rather composed of 1.5-3.0 nm ''pre-grains'' in a tetragonal-like phase. 36 Higher Y contents could result in an increased amount of nuclei and/or ''pre-grains'', which then lead to smaller initial grain sizes. Secondly, the decrease in initial grain size can possibly be linked to a modified synthetic mechanism. The addition of yttrium isopropoxide to the reaction and the resulting increase in hydrolysis rate may lead to a higher reactivity of the initial nanometer-sized primary particles. These primary particles then agglomerate quicker and at smaller diameters to form the microspheres. It would be these primary particles, which crystallize to form the observed initial grains. An increased Y content would subsequently lead to even smaller primary particles and thus smaller initial grain sizes.
A similar progression in grain size, with higher Y contents yielding smaller grain sizes, was observed upon further heating to 650 and 850 1C, resulting in grain sizes of 6-12 nm and 14-21 nm, respectively. For samples heated to 850 1C, the grain sizes were also measured via SEM. The particles consisted of grains with diameters of r25 nm, which is in good agreement with the range yielded through the Scherrer equation. Again, the grain sizes were considerably smaller than the 18 and 31 nm in the case of the undoped particles. The slower grain growth in the YSZ particles can be explained by the solute drag effect exhibited by the Y 3+ ions. Previous studies using STEM, AES and XPS indicate that Y 3+ ions in YSZ are not homogeneously distributed but segregate to the grain boundaries. 35, 37, 38 Grain boundary migration is hindered as the boundary drags the dopants along with it, which results in slower grain growth. 24 This solute drag effect is strongest for solutes with a large valence difference and large ionic radii relative to the parent cation. 38 The ionic radii for Zr 4+ and Y 3+ are 86 and 104 pm, respectively.
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After heating to 1200 and 1500 1C, the grain sizes had grown larger than the B80 nm maximum grain size which can be calculated with the Scherrer equation due to the limiting factor of the instrument broadening. Therefore, the grain sizes were assessed from the SEM micrographs and are included in Fig. 4b and Table 2 . Initially, the grain sizes decreased with increasing Y content due to the solute drag effect. However, this trend is discontinued at higher temperatures (Z1200 1C). After heating to 1200 1C, grain sizes decreased from sample Y0 to Y8 and then increased from sample Y10 onward. This increase coincided with the appearance of the cubic phase (marked by square symbols in Fig. 4b ). After heating to 1500 1C, a decrease in grain size from sample Y0 to Y4 was observed, after which the grain size increased slowly at first (Y4 to Y8) and then very rapidly (from sample Y10 onward). The rapid increase in grain sizes again coincided with the appearance of the cubic phase.
This increase in growth rate can be attributed to a higher oxygen vacancy content and diffusivity, which enhances mass transport at elevated temperatures. 35 This effect is particularly pronounced for the cubic phase, whose formation is based on a high amount of oxygen vacancies. 22 For similar reasons, bulk, fully stabilized cubic zirconia (8YSZ, 15% Y) undergoes more grain growth than partially stabilized tetragonal zirconia (3YSZ, 6% Y). 40 Higher grain boundary and volumetric diffusivities and lower activation energies have also been reported for fully stabilized zirconia compared to partially stabilized zirconia. 40 The consequence of these differences on the resulting microstructure is evident by comparing the SEM images of sample Y6 (mostly tetragonal) to sample Y16 (cubic) heated at 1500 1C (Fig. 1) , with the latter exhibiting significantly more sintering. Another important factor for the assessment of the particle processability, e.g. for their deposition as reflective TBCs described below, is their stability to resuspension in solvents. The resuspendability of the particles is greatly influenced by the phase transformations and grain sizes. After heating to 850 1C samples Y6-Y14 were all fully suspendable in ethanol via sonication without destruction. However, after heating to 1200 1C, samples Y4 and Y6 were partially destroyed after resuspension, which coincided with the formation of the monoclinic phase. Meanwhile, samples Y16 and Y18 were destabilized by sintering processes which caused the particles to fuse and merge together. In contrast, samples Y8 to Y14 were fully stable to resuspension via sonication after heating to 1200 1C. Considering the factors of phase stability, resistance to grain growth and resuspendability, the optimum Y content was determined to be 8 to 10%.
In conclusion it could be shown that Y doping results in smaller initial grain sizes, which is likely explained by a modified synthetic mechanism, and slowed grain growth for Y contents up to 10%. At higher Y contents, the formation of the cubic phase and the resulting increase in mass transport Fig. 4 (a) Grain sizes (obtained via XRD) as a function of Y content for particle samples Y6 to Y14 and undoped particle sample (Y0) 20 after heating at 450, 650 and 850 1C for 1 h. The monoclinic phase is represented by a triangle. All other samples were tetragonal or cubic. (b) Grain sizes (obtained from SEM micrographs) of samples Y4 to Y18 and undoped sample (Y0) after heating at 1200 and 1500 1C for 3 h. The cubic phase is represented by squares. All other samples were tetragonal or monoclinic. led to an increase in grain sizes. Thus, while cubic zirconia may be stabilized from a phase perspective, it can be considered morphologically unstable at elevated temperatures for applications approaching 1500 1C.
Photonic glasses
The optical properties and thermal stability of photonic glasses assembled from pure zirconia and YSZ particles were studied as a function of operating temperature and time. As previously reported, in order to achieve broadband reflection in the infrared wavelength range between 1 and 5 mm, the calcined particles should have diameters of B3 mm. 7 For this purpose, a modified synthetic procedure was developed for the synthesis of larger doped and undoped microspheres, as discussed in Section 3.1. This approach yielded particles with diameters between 4-5 mm, which translated to B3 mm after heat treatment. Microparticles with Y/(Y + Zr) molar ratios of 0, 6 and 10%, designated as YPG0, YPG6 and YPG10, were used for the assembly of photonic glass films. These films will henceforth be referred to as F0, F6 and F10, respectively. Films with Y contents of 6 and 10% were selected as these compositions straddled the tetragonal-stabilized region. Uniform, mostly crack-free films with a surface area of 4.5 cm 2 and a thickness of B100 mm were yielded with the drop-cast procedure.
With TBC surface temperatures expected to reach or even exceed 1400 1C in next generation turbines, further understanding is required to guide material design, especially to block radiative transport in TBCs. 8 In order to examine their high temperature stability, the films were subjected to sequential heat treatments at 700, 1000, 1200, 1300 and 1400 1C for 3 h. Additionally, the films were heated at 1400 1C for a total of 24, 72 and 192 h in order to determine the effects of prolonged heating. After each heating cycle, the structural integrity, optical reflectance and crystalline phases of the films were examined by means of SEM, IR-spectroscopy and X-ray diffraction. The results of these measurements for selected heating cycles are shown in Fig. 5, 6 and 7, respectively. The complete set of images, spectra, and diffractograms can be found in the ESI † (Fig. S13-S19 ). Initially, all films were heated at 700 1C for 3 h in order to remove organic residues. The films were intact with the microparticles displaying smooth surfaces after heating up to 1000 1C, as can be seen in Fig. 5 . The initial spectra of all three films (Fig. 6 ) exhibited diffuse, broadband reflection in the infrared range from 1-6 mm with values as high as 85%. A broad drop in reflectance from 2.5-4.0 mm down to values of B40% for F6 and F10 and B60% for F0 at 700 1C was observed, which was attributed to absorption from OH functional groups adsorbed on the particles' surfaces. Another sharper drop at 4.2 mm with reflectivities as low as B20% was due to absorption from atmospheric CO 2 within the optical path of the spectrometer. These findings are in good agreement with previous experiments conducted on films assembled from 2.6 mm undoped zirconia particles. 7 After further heating up to 1200 1C, the overall reflectance of the films improved and the contribution of OH absorption was considerably reduced, especially for F6 and F10. Reflectance values ranged between 90-45% for F0, 90-55% for F6 and 90-60% for F10 in the 1-6 mm infrared region. In terms of their reflectance performance, there was no significant difference between the three films for operating temperatures up to 1200 1C. We expect that in applications under high temperature conditions neither the absorption from atmospheric CO 2 nor absorption from adsorbed OH functional groups will play a role. Current CO 2 absorption is accumulated in a one meter long optical path of the spectrometer and will not contribute in a 100 mm coating. OH groups will not be present at elevated temperatures. The observed transmission dips exist due to reabsorption of water at room temperature, as was shown in our previous publication. 7 However, significant differences in stability between the undoped and YSZ films began to occur after heating at 1200 1C. The undoped F0 film started to show signs of macroscopic failure, characterized by crack formation and partial delamination of the film (exemplary photographs of the films are shown in the ESI † in Fig. S20 ). Given that the retained room temperature phase of the film was fully monoclinic after heating to 1000 1C, the failure was attributed to cycling through the monoclinic-tetragonal phase transition, which occurs at B1200 1C. The transformation back from the high temperature tetragonal phase to the monoclinic phase and the accompanying 4% volume expansion likely resulted in stresses and the observed failure. The problem became more pronounced at higher temperatures. The coating was nearly completely chipped off with cyclic heating at 1400 1C, to the point where it became impossible to accurately perform reflectance measurements. The delamination manifested as a significant decrease in the overall measured reflectance (Fig. 6a) , with a maximum of 90% after heating to 1200 1C for 3 h, dropping to 80% after heating to 1400 1C for 3h and only 40% after heating to 1400 1C for 192 h. In contrast, the yttria-doped films F6 and F10 were quite stable and displayed only few cracks and very little delamination. They retained their reflectance performance even after heating at 1300 and 1400 1C for 3 h (Fig. 6b, c and Fig. S16 , ESI †).
Additionally, the particle morphology changed after heating to 1200 1C and above. As shown in the SEM images in Fig. 5 , the particles lost their smooth appearance and grains were clearly observable. Grain growth was most pronounced for the undoped particles of F0. Large grains on the order of 0.5-1.0 mm can be distinguished, as well as some crack formation between the grains. In contrast, the grain growth was less pronounced for the films assembled from YSZ particles (F6 and F10), exhibiting grain sizes below 300 nm. This attenuated grain growth in yttria-doped particles is in good agreement with the prior results (Section 3.3) and can be explained by the solute drag effect. Further heating to 1300 and 1400 1C for 3 h resulted in more pronounced grain growth, especially for sample F0 where the grains were now 1-2 mm in diameter, approaching the size of the microparticles themselves. Films F6 and F10 showed less pronounced grain growth with grain sizes up to 600 nm.
The lifetime and stability of the films against sintering was assessed with prolonged heating at 1400 1C for up to 192 h. The onset of sintering necks was observed in all films after 3 h at 1400 1C but was much more pronounced for the undoped particles. Growth of both the grains within and the necks between microparticles continued with longer heating. The resulting microstructures after 192 h at 1400 1C are shown in the lower row of Fig. 5 , in which sintering of the particles and densification was clearly observed. While the grain sizes of the undoped film F0 were now in the order of or larger than the microparticle diameters, the grain sizes in films F6 and F10 had only increased up to 0.8 and 1 mm, respectively. Regardless of the retardation of grain growth, the YSZ films still exhibited necking and sintering of the particles similar to the undoped film. Thus, the inhibition of grain growth by yttria-doping failed to prevent sintering at long times at 1400 1C. The cause is attributed to a change in the phase of the material at this temperature from tetragonal to a mixture of cubic and monoclinic, which will be discussed in the following. Sintering notwithstanding, only a small drop in reflectance over the 1-6 mm range was measured for the YSZ films (Fig. 6b and c) , ranging from 90-55% after 3 h at 1400 1C down to 78-45% after 192 h at 1400 1C in the case of F6 and from 90-60% down to 80-55% for F10.
After each heating cycle, the phases retained at room temperature were determined via X-ray diffraction measurements. The results are summarized in Table 3 . Undoped film F0 remained in the monoclinic phase throughout the whole set of heat treatments. For films F6 and F10 a decomposition of the tetragonal phase was observed with heating at 1400 1C. In order to distinguish tetragonal from cubic, it is convenient to compare the presence of peak doublets indicative of the tetragonal phase to their corresponding peak singlets of the more symmetric cubic phase. This is the case for peaks in the regions of B35, B50, B60 and B751 2y. Fig. 7 shows the diffractograms of the YSZ films in the region of 351. This region was selected because it displayed the highest intensity. The results shown were consistent with those measured at the higher angles, where peaks were more resolved but less intense. Fig. 7 also includes the region around 281, where the characteristic monoclinic peak appears. The initial peak positions after heating at 1200 1C are included for reference in Fig. 7 , indicated by dashed lines for clarity. The diffractograms after heating at 1300 1C were identical to those observed after heating at 1200 1C.
After heating to 1000 1C sample F6 was tetragonal and remained that way until it was heated to 1400 1C for 24 h. This was determined from the distinct (002) and (110) peaks visible at 34.7 and 35.21 in Fig. 7a . After a total heating time of 24 h at 1400 1C the cubic (200) peak appeared at 35.01, together with a very faint (11 À 1) monoclinic peak at 28.21. Heating to 1400 1C for a total of 72 h led to the complete disappearance of the tetragonal peaks, with the cubic peak and very pronounced monoclinic peaks remaining. These observations are consistent with a previously documented decomposition mechanism of the tetragonal phase at high temperatures for plasma sprayed Fig. 7 X-ray diffractograms of films F6 (a) and F10 (b) after selected heating cycles. 2y is shown divided into two regions, one at low angles where the characteristic monoclinic (m) peak occurs and one at higher angles where the tetragonal (t) and cubic (c) peaks are resolved. The initial peak positions after heating at 1200 1C are indicated by dashed lines, starting as tetragonal for 6% Y and tetragonal prime (t 0 ) for 10% Y. 
